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Abstract 
There is introduced a new low-reaction, highly-loaded axial compressor design concept which is coupled with boundary layer suc-
tion method. The characteristic features of the concept are made clear through its comparison with the MIT boundary layer suction com-
pressor. Also are pointed out the potential applications of this concept as well as its key technological problems. Based on this concept, a 
single-stage, low-reaction and low-speed axial compressor is constructed in association with analysis and computation of boundary layer 
suction on vanes with the aid of a three-dimensional numerical approach. The results attest to the effectiveness of this way to control 
separation in blade cascades by the boundary layer suction and the feasibility of this proposed design concept. 
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1 Introduction* 
In 1853, Tournaire of France Academy of Sci-
ence first put forward the concept of multistage ax-
ial compressor. In 1970-80’s the multistage axial 
compressor gained great development and wide ap-
plication in the power system of the third generation 
fighters. These design methods are still very popular 
today. However, some new aerodynamic concepts 
have been applied to the design of axial compres-
sors. In 1998, Kerrebrock etc. of Massachusetts In-
stitute of Technology (MIT) proposed a 3-stage as-
pirated compressor design scheme with a total pres-
sure ratio of 27[1]. On the whole, presently the axial 
compressors are developing toward larger stage 
loading and less stage count. The way to enhance 
aerodynamic loading of a compressor is to increase 
circumferential velocity or ΔCu. With the inlet 
velocity kept within a certain range, an increase of 
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crease of ΔCu implies a larger flow turning angle. In 
a diffusion cascade, a large flow turning angle will 
lead to a thicker boundary layer and even to flow 
separation. In recent years, a research group led by 
prof. Kerrebrock in MIT have tried to use the 
boundary layer suction method to control the sepa-
ration flow on blade surfaces and endwalls. By 
means of this method, the aerodynamic loading has 
been largely enhanced[2-6]. Generally, a boundary 
layer suction blade has twice loading capability as a 
normal blade. The researchers in HIT (Harbin Insti-
tute of Technology, China)[7] have proved that de-
spite an extensive 3D separation flow round end-
walls, the boundary layer suction is still helpful to 
restrain boundary layer separation and stalling in a 
large turning angle cascade. 
As the boundary layer suction technology was 
adopted, the turning angle and loading capability of 
a cascade can be increased more than the empirical 
values. The reaction, rotor fix angle and other pa-
rameters are also different with the empirical values. 
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In this paper, a new low-reaction and highly-loaded 
axial compressor design concept is proposed based 
on the boundary layer suction technology. Its core 
idea lies in that while the geometry turning angle of 
the rotor is increased to enhance the loading capa-
bility, low reaction is adopted to eliminate the ro-
tor’s boundary layer separation enabling it to keep 
working with high efficiency. This concept results 
in increases of the geometry turning angle of the 
stator, which makes it necessary for the stator to use 
boundary layer suction technology to restrain the 
boundary layer separation. The advantages of the 
proposed concept are remarkable increases of the 
compressor’s pressure ratio, and less complexity of 
boundary layer suction structure because of the 
boundary layer suction technology adopted only by 
the stator.  
A study on redesigning a low speed duplica-
tion-stage axial compressor into a single-stage one 
was carried out in this paper, the results of which 
proved the feasibility of this low-reaction design 
concept. 
2 Low-reaction Axial Compressor Concept 
The reaction of a basic stage is normally as-
sumed about 0.5 when an axial compressor is de-
signed by means of the normal aerodynamic design 
method. The rotor and the stator almost have the 
same aerodynamic loading. The way to achieve a 
higher single-stage pressure ratio and aerodynamic 
loading is to increase either the rotor’s rotational 
speed so as to increase its circumferential velocity 
or ΔCu—something that entails enhancing the ro-
tor’s turning angle. Obviously limited by material 
strength and shock wave loss, etc., the first choice 
yields a circumferential velocity not sufficiently 
large. Thus only the second choice becomes ac-
ceptable. However, with a rotor having normal reac-
tion, a large turning angle will lead to extensive 
boundary layer separation on suction side and low 
efficiency as the adverse pressure gradient growing. 
There will be much more problems for a rotor using 
boundary layer suction to control boundary layer 
separation than for a stator. The reason lies in the 
difficulty constructing the rotor’s suction structure. 
In order to solve this problem, the low-reaction ax-
ial compressor design concept introduced hereafter 
includes a rotor having a large turning angle and 
low reaction with low boundary layer separation or 
no separation at all while the boundary layer suction 
method is used to control large-scale boundary layer 
separation in the stator. 
When designed by the normal method, a rotor 
with large turning angle together with recommended 
reaction will easily cause flow separation on suction 
side. Considering this problem, the rotor’s reaction 
should be reduced so as to restrain or alleviate its 
boundary layer separation to achieve a high effi-
ciency. Helpful to avoid the rotor’s boundary layer 
separation though, the low reaction brings remark- 
able increases to the loading and turning angle of a 
stator making its geometry turning angle exceed 60° 
and more. However, recent researches show that an 
increase of the stator’s geometry turning angle be-
yond 60° leads to significant augment of the angular 
region stalling intensity as well as interfering with 
boundary layer separation on suction side, which the 
use of bowed or twisted blade techniques would be 
difficult to bring under effective control. In order to 
control the separation, the new design concept sug-
gests that the boundary layer suction be used only in 
the stator, rather than in both stator and rotor with 
MIT method, through reducing the reaction of rotor.  
To sum up, the key points of the new design 
concept mainly consists in: 
(1) The inlet of rotor with a large geometry 
turning angle is pre-whirled to reduce the rotor’s 
reaction so as to restrain the boundary layer separa-
tion mainly on the rotor’s suction side. For the mul-
tistage axial compressors, the rotors of first several 
stages should be designed with smaller pre-whirl 
angle so that the geometry turning angle of the sub-
sequent stators could be kept within a normal range 
without boundary layer separation. The rotors of the 
last stage or the last several stages should have a 
relatively bigger pre-whirl angle. For this time the 
subsequent stators have a large geometry turning 
angle and need boundary layer suction to control the 
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separation. 
(2) Boundary layer suction is only adopted in 
the last stage or stages’ stators which lead to great 
simplicity of arrangement of the suction tubing and 
makes the designing of boundary layer suction stru- 
cture much easier. 
 (3) Boundary layer suction is carried out in 
the stators, mainly on their suction side, hub and 
shroud to control the boundary layer separation. 
3 Limiting Factors and Application 
From the velocity triangle of Fig.1, it is seen 
that the low reaction rotor will generate higher 
speed at stator inlet and larger inlet angle in axial 
direction. If the stator needs to be designed for axial 
exhaust, its geometry turning angle will be greatly 
increased and cause large-scale angular region 
boundary layer separation or even along the whole 
span.  
 
Fig.1  Rotor’s velocity triangle. 
If the absolute speed of rotor’s outlet is super-
sonic, there will be intensive shock loss around the 
stator’s inlet. This will impose a constraint on low- 
reaction design and should be avoided. Furthermore, 
a stator’s large turning angle will cause large-scale 
boundary layer separation. Once the angle is above 
70°, boundary layer suction method would not come 
into effect to control large-scale angular region en-
ergy loss. Therefore, the turning angle of hub and 
shroud should be slightly reduced and the turning 
angle in the middle span should be increased. The 
loading capability distribution along blade span is a 
key factor in designing a low-reaction axial com-
pressor. 
The pre-whirl angle of the rotor inlet is another 
key factor because larger pre-whirl angle will cause 
lower, or even negative reaction as with the case of 
a turbine and make it more difficult to design the 
subsequent stator. On the other hand, smaller pre- 
whirl angle will not reduce rotor’s fix angles so ef-
fectively to restrain the boundary layer separation 
on suction side. 
The new concept proposed in this paper can be 
applied to high pressure stages of aeroengine, com-
pressor in ground gas turbine (except the transonic 
stage) and high total pressure ratio blower. 
4 Aerodynamic Design and Blade Building 
The aerodynamic design consists of two parts: 
one-dimensional calculation and quasi-3D calcula-
tion. The former is to specify main parameters on 
the mean radius of compressor, such as pressure, 
temperature, velocity, meridional passage and vari-
ous angle relations. Based on these parameters, 
quasi-3D stream surface theory can be used to ob-
tain the parameters on different spanwise sections. 
Especially, it is assumed that the isentropic work 
along blade span is distributed according to arbi-
trary Para-curve.  
Camber line and thickness distribution are used 
to build up the blade shape. Camber line is a quintic 
curve. The original thickness distribution is adopted 
from a low speed CDA blade profile[8]. The leading 
edge and the trailing edge are connected by arc. 
Gravity stacking is used in rotor while leading edge 
stacking in stator. 
5 Numerical Calculation and Analysis 
In this paper, using the low-reaction concept, a 
low speed duplication-stage axial compressor is re- 
designed into a single stage one. The duplication- 
stage’s pressure ratio is 1.05 at 3 000 r/min. The ma- 
ss flow rate is 10 kg/s. The isentropic efficiency is 
0.89. The boundary conditions for numerical invest-
tigation are: ① inlet absolute pressure is 100 181 Pa; 
② inlet absolute temperature is 293.8 K; ③ axial 
inlet and ④ outlet pressure are adjustable. Its out-
side diameter is 0.6 m and inside diameter 0.4 m.  
The overall goal of the redesigning is to 
achieve the same performance using a single stage 
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as that using a duplication-stage. The targets and 
restraints are: ① the speed of rotation is 3 000 r/min; 
② the total pressure ratio is 1.05; ③ the isentropic 
efficiency ≥ 0.87.  
The working procedure can be mainly de-
scribed as follows: increase the rotor’s geometry 
turning angle (60° near the middle span); reduce the 
rotor’s reaction along blade span to an average of 
about 0.18; adopt boundary layer suction on stator’s 
suction side and hub because of the large turning 
angle of about 65° and the total aspiration flow rate 
≤ 5%. 
The boundary conditions are similar to those in 
duplication-stage except the inlet velocity angle. 
The single stage has a negative pre-whirl angle of 
30°. The rotor has a reasonable fix angle ensuring 
high efficiency. In order to adjust the turning angle 
of the stator, the spanwise loading capability is es-
pecially treated so that the isentropic work along 
rotor’s span is distributed according to an arbitrary 
Para-curve. The benefit from such a treatment is that 
through changing the Para-curve, the turning angle 
of any section can be adjusted to avoid oversize 
turning angle occurring in some particular sections. 
Following the above-listed principles, a stator is 
designed with a large turning angle of average about 
59°. Table 1 illustrates the redesign scheme of the 
single stage axial compressor. Because of adoption 
of low-reaction design method, the single stage’s 
rotor has a larger turning angle than the duplica-
tion-stage rotor. Of course, the same is true of a sta-
tor’s turning angle. 
Fig.2 illustrates the 3D view of the rotor and 
the stator of the single low-reaction stage. 
Fig.3 shows the rotor’s flow-efficiency charac-
teristic curve, from which it can be seen that the 
efficiency is 96%, much close to the design point 
and besides, it remains high within a wide range. As 
described before, the spanwise loading capability 
distribution is going by a Para-curve. Fig.4 illus-
trates the limiting streamlines on the rotor’s suction 
side. It means that the trend of spanwise mixing is 
not so intensive that the specific loading capability 
distribution is acceptable. 
Table 1 Redesign scheme of the single stage axial com-
pressor 
 Origin Redesign 
Count of stages 2 1 
Total pressure ratio 1.050 1.05 
Single stage ratio 1.025 1.05 
Section 1 (R=0.200 m) 
Rotor turning angle/(°) 13.85 47.60 
Stator turning angle/(°) 37.48 59.00 
Section 2 (R=0.225 m) 
Rotor turning angle/(°) 17.33 68.90 
Stator turning angle/(°) 34.38 59.00 
Section 3 (R=0.250 m) 
Rotor turning angle/(°) 12.73 67.10 
Stator turning angle/(°) 31.58 59.00 
Section 4 (R=0.275 m) 
Rotor turning angle/(°)  9.76 55.30 
Stator turning angle/(°) 29.24 59.00 
Section 5 (R=0.300 m) 
Rotor turning angle/(°)  7.51 32.10 
Stator turning angle/(°) 27.27 59.00 
 
Fig.2  3D view of rotor-stator (single low-reaction stage). 
 
Fig. 3  Rotor’s efficiency curve. 
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Fig.4  Limiting streamlines on rotor suction side 
(G=10.00 kg/s). 
Only having a low isentropic efficiency of 
about 68%, the single stage with no suction does not 
work because of large-scale flow separation in stator 
while the outlet pressure beyond 101 000 Pa. Thus, 
to deal with this problem, the boundary layer suc-
tion is adopted so as to remove some low-energy 
fluid, so separation can be restrained and high effi-
ciency might be achieved.  
Ref.[7] has mentioned that the slot in the flow 
direction near suction side is the best suction loca-
tion on hub. It started from the crossing point of the 
horseshoe vortex’s suction branch and the blade 
wall, and end at the crossing point of the horseshoe 
vortex’s pressure branch and the blade wall. The 
best location of suction slot on blade wall was just 
in front of the starting point of the separation[9].  
Table 2 shows the suction scheme of the single 
stage, which has two suction slots. Of them, the first, 
2 mm wide, is located on the suction side of the 
stator, and the second, from 20% to 60% of axial 
chord, is on the hub near suction surface. Fig.5 
shows the two slots clearly. 
Table 2 Suction scheme and main compressor parameters 
Scheme 1 2 3 4 
Main Pb/Pa 100 500 103 400 103 200 103 200 
Endwall Pb/Pa 85 000 86 000 87 000 96 680 
Blade Pb/Pa 90 000 95 000 97 000 101 600 
Aspiration/% 4.73 7.19 5.01 2.25 
π* 1.034 5 1.048 5 1.049 5 1.050 0 
Efficiency 0.66 0.80 0.85 0.87 
 
Fig.5  Suction slots on stator. 
As is known, boundary layer suction has an ef-
fect on the total performance such as pressure ratio 
and isentropic efficiency. But it is difficult to calcu-
late the real parameters including the effect of 
boundary layer suction. So, a simplified calculation 
method is used to assume mass weighted average 
parameters and express the total performance also in 
this way. 
Scheme 4 has achieved the redesign goal. The 
pressure ratio π* is 1.050 0 and the isentropic effi-
ciency 87%. The total aspiration rate is 2.25% with 
1.25% on suction side and 1% on hub. The stream-
lines of the stator are shown with and without suc-
tion respectively in Fig.6 and Fig.7 with the flow 
conditions marked within the brackets. In these fig-
ures, are listed three span locations (10%, 50% and 
90%). It can be seen that the large-scale separation 
on suction side is greatly restrained by boundary 
layer suction. Fig.8 and Fig.9 show the total pre- 
 
Fig.6  Streamlines in stator without suction (Pb=101 000 Pa, 
G=8.49 kg/s). 
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Fig.7  Streamlines in Stator with Suction (Pb=103 200 Pa, 
G=10.31 kg/s). 
 
Fig.8  Total pressure loss coefficient axially. 
 
Fig.9  Total pressure loss coefficient spanwise. 
ssure loss coefficient in both axial and spanwise 
direction. It is obviously that by adopting low-reac-
tion design and boundary layer suction on stator, the 
total pressure loss is greatly reduced and the effi-
ciency remains at a quite high level. 
From the analysis of 3D flow field, it can be 
concluded that boundary layer suction has a good 
effect on controlling the extensive three-dimen-
sional separation in stator cascade. By adopting 
low-reaction and boundary layer suction, the total 
pressure of the compressor could be greatly in-
creased and the efficiency remains at a quite high 
level. The design goal could be further increased by 
combined use of optimizing the blade stacking law 
and the boundary layer suction scheme such as suc-
tion flow rate, suction location and manner, etc. 
5 Conclusions 
Associated with the boundary layer suction 
method, a new axial compressor design concept 
based on highly-loaded, low-reaction and boundary 
layer suction is proposed in this paper. The limiting 
factors of this concept are: ① the slightly low Mach 
number after the rotor; ② the pre-whirl angle of the 
rotor; ③ the separation control method in stator 
cascade. 
The analysis of the low-reaction stage proves 
the feasibility of the new design concept which is 
helpful to increase aerodynamic loading. This con-
cept can be used in designing high pressure stages 
of aeroengine, compressor of ground gas turbine 
exclusive of the transonic stages and high total 
pressure ratio blower. 
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